A simple and low-cost technique called low one-photon absorption (LOPA) direct laser writing (DLW) is demonstrated as an efficient method for structuration of multidimensional submicrostructures. Starting from the diffraction theory of the electromagnetic field distribution of a tightly focused beam, the crucial conditions for LOPA-based DLW are theoretically investigated, and then experimentally demonstrated using a simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures were successfully fabricated in different materials, such as commercial SU8 photoresist and magnetic nanocomposite. The advantages and drawbacks of this LOPA-based DLW technique were also studied and compared with the conventional two-photon absorption based DLW. Several methods were proposed to overcome the existing problem of the DLW, such as the dose accumulation and shrinkage effect, resulting in uniform structures with a small lattice constant. The LOPA-based DLW technique should be useful for the fabrication of functionalized structures, such as magneto-photonic and plasmon photonic crystals and devices, which could be interesting for numerous applications.
Introduction
In recent years, various fabrication techniques have been proposed and implemented to realize structures at micro-and nanoscales, opening numerous applications such as micro-machining, optical data storage, nanophotonics, plasmonics, and bio-imaging, etc. [1] [2] [3] [4] . Among those techniques, optical lithography, which includes mask lithography [5, 6] , interference or holography photolithography [7] [8] [9] , and direct laser writing [10] [11] [12] [13] , is the most popular because of its simplicity, flexibility and capability of producing different kinds of microstructures, addressing a variety of applications.
The fundamental working principle of the optical lithography involves the use of a photoresist, a light-sensitive material, which changes its chemical property when exposed to light. Based on the reactions of photoresists to light, they are classified into two types: positive photoresist and negative photoresist. With positive photoresists, the areas exposed to the light absorb one or more photons and become more soluble in the photoresist developer. These exposed areas are then washed away with the photoresist developer solvent, leaving the unexposed material. With negative resists, exposure to light causes the polymerization of the photoresist chemical structure, which is just the opposite of positive photoresists. The unexposed portion of the photoresist is then dissolved by the photoresist developer. Light sources of different wavelengths are used based on the purposes of the fabrication, which involve the absorption mechanisms of the used photoresist. There are two types of absorption mechanisms, namely one-photon absorption (OPA) and two-photon absorption (TPA). The OPA excitation method is an ideal way to fabricate one-and two-dimensional (1D and 2D) thin structures [14] . In this technique, a simple and low-cost continuous-wave (CW) laser operating at a wavelength located within the absorption band of the thin film material is used as the excitation source. Wavelengths in the UV range or shorter are commonly used to achieve high resolution [15] . This method is usually applied in mask lithography and interference techniques, where an entire pattern over a wide area is created in seconds. All structures are often realized at the same time; therefore, these techniques are called parallel processes. However, due to the strong absorption effect, light is dramatically attenuated from the input surface. Thus, it is impossible for OPA to address thick film materials or 3D optical structuring.
The TPA (or multi-photon absorption) technique presents a better axial resolution. In this case, two low energy photons are simultaneously absorbed inducing the optical transition from the ground state to the excited state of the material, equivalent to the case of linear absorption (OPA). Two-photon absorption is a nonlinear process, which is several orders of magnitude weaker than linear absorption, thus very high light intensities are required to increase the number of such rare events. In practice, the process can be achieved using a pulsed (picosecond or femtosecond) laser. The TPA method is commonly applied for the technique called direct laser writing (DLW), in which a pulsed laser beam is focused into a sub-micrometer spot, resulting in a dramatic increase of the laser intensity at the focusing spot. Hence, TPAbased 3D imaging or fabrication can be achievable [4, 11, 12] with high spatial resolution.
been demonstrated [16, 17] , allowing one to combine the advantages of both OPA and TPA methods. Indeed, the LOPA method employs a simple, CW and low power laser, as in the case of conventional OPA, but it allows the optical addressing of 3D objects, as what could be realized by the TPA method, by using a combination of an ultralow absorption effect and a tightly focusing spot. The illustration of an absorption spectrum of photoresist shown in Figure 1 (a) represents three absorption mechanisms, which are shown in Figure 1(b) : conventional OPA (solid ring), LOPA (dashed ring) and TPA (dash-dotted ring), respectively. If a laser beam, whose wavelength is positioned at the edge of the absorption band where the absorption is ultralow, is applied, the light intensity distribution remains almost the same as in the absence of material. In short, by tightly focusing an optical beam inside a thick material with a very low absorption at the operating wavelength, it is possible to address 3D imaging and 3D fabrication, as what realized by TPA method. As compared to the latter one, this LOPA-based DLW is very simple and inexpensive and it allows one to achieve very similar results.
This chapter presents theoretically and experimentally this original fabrication method, LOPA-based DLW technique, which allows the realization of multidimensional sub-micrometer photonic crystals. The advantages of this fabrication method will also be presented and compared with other fabrication techniques.
In Section 2, the theory of the LOPA-based DLW method and experimental conditions to realize 3D sub-microstructures are presented. In this case, the vectorial diffraction theory of a laser beam, tightly focused by a high numerical aperture objective lens, is extended taking into account the very low absorption of the propagating medium. Numerical calculations will also be shown.
In Section 3, it will be demonstrated experimentally that any sub-micrometer 1D, 2D, and 3D structures can be realized by the LOPA-based DLW technique, by choosing appropriate photoresist and excitation laser wavelength. In Section 4, different additional methods to optimize the LOPA-based DLW are demonstrated in order to obtain sub-microstructures, which show high uniformity, less shrinkage, and with a lattice constant smaller than the diffraction limit.
To demonstrate the versatility of the LOPA-based DLW, in Section 5, the fabrication of magneto-photonic sub-microstructures for biomedical engineering realized by the LOPA-based DLW technique is presented. This opens many promising applications, such as tunable photonic structures based on magneto-optical effect and development of microrobotic tools for transport in biological systems.
In the last section, some conclusions of the newly developed LOPA-based DLW technique, advantages this technology brings to the photonic crystal field, as well as some prospects will be discussed.
Theory of LOPA-based DLW technique
In this section, the vectorial Debye approximation is presented, based on which a new mathematics representation is further established, where the absorption effect of the material is taken into account when a light beam propagates through an absorbing medium. Based on the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetration depth of light beam on the formation of a tight focusing spot are investigated. From that, the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.
Electromagnetic field distribution of a tight focused beam in an absorbing medium
The mathematical representation of the electromagnetic field distribution in the focal region of an OL was proposed by Wolf in the 1950s [18] . This theory based on the vectorial Debye approximation allows the calculation and prediction of the intensity and polarization distributions of a light beam focused inside a material by a high NA OL. Nonetheless, the influence of material absorption on the intensity distribution and the focused beam shape of a propagating optical wave have not been systematically investigated yet. In this section, the mathematical representation proposed by Wolf [18] will be employed, taking into account the absorption effect of the material when a focused light beam propagates through it, in order to investigate the intensity distribution, especially in the focal region.
The schematic representation of light focusing in an absorption medium is shown in Figure 2 . D is the interface between the transparent material, such as a glass substrate or air, and the absorbing material. To simplify the problem, it is assumed that the refractive index mismatch problem arising at any interface is negligible. d represents the distance between the D interface and the focal plane. The electromagnetic field near the focal plane in Cartesian coordinates (x, y, z) [16, 19] is represented by,
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where C is a constant, k is the wave number (k = 2πn/λ), n is the refractive index of the absorbing medium, λ is the excitation wavelength, Ω is a solid angle corresponding to the objective aperture, S = (s x , s y , s z ) is the vector of an arbitrary optical ray, and T(s) = P(s)B(s)is a transmission function where P(s) is the polarization distribution and B(s) is the amplitude distribution at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as
A(s) = exp(−σr)
, where σ is the absorption coefficient and r indicates the optical path of each diffracted light ray in the absorbing medium, which is defined as the distance from a random point located in the D plane to the focal point, as shown in Figure 2 . For calculations, r is determined by
where (x ' , y ' , d) gives the position of an arbitrary diffracted light ray located on the D plane. Theoretically, Eq. (1) allows calculation of the light distribution resulting from the interference of all light rays diffracted by the exit pupil of the OL. However, in practice, the light intensity and the focus shape at the focus region depend strongly on the absorption term A(s) since light is absorbed by the material in which it propagates and its amplitude decreases along the propagation direction.
The light intensity distribution, also called point spread function (PSF), in the focal region of the OL is defined as
This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field distribution in the focal region depends on various parameters, such as the polarization of incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to have an analytical solution of the light field at the focusing spot of a high NA OL. However, it can be numerically calculated, which will be shown in the next part.
Numerical calculation of point spread function
In order to numerically calculate the light intensity distribution, the I PSF equation was programmed by a personal code script based on Matlab software, with the influence of different input parameters including the absorption coefficient of the studied material, the NA of the OL, and the penetration depth of the light beam.
First, the influence of the absorption effect of the SU8 material, which will be used later for experimental demonstration in the next sections, was investigated. Based on the absorption spectrum of SU8 shown in Figure 5(b) , three typical wavelengths to calculate the intensity distribution in the focal region were chosen, representing three cases of interest: conventional OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorption coefficients in each case are: σ 1 = 240,720 m −1 (λ 1 = 308 nm), σ 2 = 723 m −1 (λ 2 = 532 nm), and σ 3 = 0 m −1 (λ 3 = 800 nm). The absorption interface (D) was arbitrarily assumed to be separated from the focal point O by a distance of 25 μm, the NA of the OL was chosen to be 0.6, the refractive index (n) of SU8 is 1.58. As seen in Figure 3(a 1 ) , the incoming light is totally attenuated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why it is not possible to optically address 3D object with the conventional OPA method. However, when using an excitation light source emitting at 800 nm, the absorption coefficient is zero, thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity distribution. The numerical calculation result derived from the quadratic dependence of the EM field is shown in Figure 3(a 3 ) . The size of the focusing spot (full width at half maximum, FWHM) is quite large due to the use of a long wavelength. However, in practice, two photons can only be simultaneously absorbed at an intensity above the polymerization threshold. Therefore, a small effective focusing spot below the diffraction limit can be achieved with the TPA method by controlling the excitation intensity.
The case where the linear absorption is very low (LOPA) was considered. At the wavelength λ = 532 nm, the absorption coefficient is only 723 m −1 , which is much smaller than that at 308 nm. Simulation results show that light can penetrate deeply inside the absorbing material without significant attenuation thanks to this very low linear absorption. As shown in Figure 3 (a 2 ), the light beam can be tightly confined at the focusing spot, which can then be moved freely inside the thick material, exactly as in the case of TPA. Furthermore, LOPA requires a shorter wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The diagram depicted in Figure 3 (a 4 ) shows clearly the difference of the intensity distribution along the optical axis of three excitation mechanisms. It is important to note that there is no intensity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA requires a precise control of light dose in order to achieve high resolution optical addressing.
The NA of OL is also an important parameter to be taken into account for LOPA case. It was demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions at the focusing spot obtained with OLs of different NA values (with the same low absorption Theoretical Foundations and Application of Photonic Crystals ) are shown in Figure 3 (b). It is clearly seen that with an OL of low NA (NA = 0.3), the light beam is not well focused, resulting in low contrast intensity distribution between the focal region and its surrounding. Therefore, the LOPA-based microscopy using a low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focusing (for example, NA = 1.3), the light intensity at the focusing spot is a million time larger than that at out of focus, resulting in a highly resolved focusing spot (Figure 3(b 3 ) ).
For all the above calculations, it can be concluded that the LOPA-based microscopy is promising for the realization of 3D imaging and 3D fabrication, similarly to what could be realized by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of 3D structures can be realized by moving the focusing spot inside the material since fluorescence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently within the focal spot volume only.
It is worth noting that in LOPA technique, the absorption exists, even if the probability is very small, the penetration depth is therefore limited to a certain level. This effect exists also in the case of TPA, but it is more important for LOPA. Figure 4 represents the maximum intensity at the focusing spot as a function of the penetration length, d. For this calculation, the ultralow absorption coefficient of SU8 at λ = 532 nm, σ = 723 m −1 was considered. At the distance of 390 μm, the intensity was found to decrease by half with respect to that obtained at the input of absorbing material (D interface). This penetration depth of several hundred micrometers is fully compatible with the scanning range of piezoelectric stage (typically, 100 μm for a high resolution), or with the working distance of microscope OL (about 200 μm for a conventional high NA OL).
In summary, in order to realize the LOPA-based microscopy, two important conditions are required: (i) ultralow absorption of the studied material at the chosen excitation wavelength, and (ii) a high NA OL for tight focusing of the excitation light beam. To experimentally demonstrate the application of LOPA in DLW, in the next chapter, SU8 will be used as the material and a CW laser at λ = 532 nm as the excitation source. ; λ = 532 nm; NA = 1.3 (n = 1.58).
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Experimental demonstration of LOPA-based 3D microfabrication
Experimental setup and fabrication procedure
The LOPA technique can obviously be used for all 3D applications, including 3D imaging and 3D fabrication. As mentioned in section 2, two conditions are required: a photoresist that presents an ultralow absorption at the wavelength of the excitation laser, and a high focusing confocal laser scanning (CLSM) system. For the first condition, SU8 photoresist is an excellent candidate, thanks to its ultralow absorption in the visible range, for example at 532 nm ( Figure 5(b) ), which is the wavelength of a very popular and low-cost laser. By using a high NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condition is then satisfied. In order to demonstrate the LOPA DLW technique, a confocal optical system illustrated in Figure 5 (a) was built. In this system, a CW laser operating at 532 nm is used. The laser power is monitored by a combination of a half-wave plate (λ/2) and a polarizer. The laser beam is directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrication, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by a LabVIEW program. A quarter-wave plate (λ/4) placed in front of the OL is inserted and oriented to generate a circularly polarized beam for mapping and fabrication. The high NA oilimmersion objective (NA = 1.3) placed beneath the glass coverslip is used to focus the excitation laser beam. The fluorescence signal emitted by the samples is collected by the same objective, filtered by a 580 nm long-pass filter, and detected by an avalanche photodiode (APD).
For fabrication, SU8 photoresist is coated on a glass substrate. In order to remove all contamination on the surface, glass substrates must be treated with acetone and an ultra-sonication prior to the spin coating. After the cleaning process, SU8 of different viscosities (SU8 2000.5, SU8 2005, or SU8 2025) is spin coated on the glass substrates, depending on the types of the desired structure. For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thickness of 0.5 and 2 μm, are used. For 3D structures, other types of SU8 at higher viscosity, for example SU8 2005 or 2025, are required. The spin coating step is followed by a soft baking step at 65°C and 95°C, the soft baking time depends on the types of SU8 used.
Before writing the structure on the photoresist, the interface between the glass substrate and the photoresist layer must be determined. To determine the interface, the focusing spot is scanned along xz or yz plane at very low laser power to prevent polymerization, and the fluorescence signal can be collected by the APD. This step allows one to precisely write the structure at the desired position. Then the laser power is increased to several mW to fabricate any desired structures by scanning the focusing spot along a path programmed with Labview. Post exposure bake (PEB) is carried out after the fabrication, and followed by a development step.
Verification of LOPA-based fabrication
It has been demonstrated, by analyzing fluorescence emission, that the SU8 photoresist linearly absorbs the excitation laser at 532 nm-wavelength [17] . For the LOPA CLSM, the intensity at the focusing region (of the order of 10 7 W/cm 2 ) is much higher than that at the input of the optical system (10 −2 W/cm 2 ), allowing the excitation and fluorescence detection of the focal spot volume only. The fluorescence measurements in which the emission is quite low are enabled by the use of an avalanche photodiode (APD).
By using the standard fabrication process described in the previous part, it was demonstrated that polymerization is achieved only at the focusing spot of the microscope objective, where the excitation intensity is sufficiently high to compensate the low linear absorption of the resist. In the case of TPA, there are two thresholds: the first one related to light intensity, above which two photons are simultaneously absorbed, and the second one related to dose, above which complete photopolymerization is achieved. However, in the case of LOPA, there exists only one threshold related to dose. Thanks to a high intensity at the focusing spot, the complete photopolymerization is only achieved in this region. Figure 6 shows SEM images of experimental results. For each exposure, a solid structure, called "voxel," corresponding to Theoretical Foundations and Application of Photonic Crystalsa focusing spot, was obtained. By changing either the excitation power or the exposure time, i.e. the dose, the voxel size and shape can be adjusted, as shown in Figure 6(b) . A CW green laser power of only 2.5 mW and an exposure time of about 1 second per voxel were required to create these structures. Figure 6(b) shows, for example, a voxel array realized with three different exposure times. The dose dependence can be explained theoretically by calculating the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained with t 1 , t 2 and t 3 in Figure 6 (b) correspond to three different iso-intensities illustrated in Figure 6(a) , namely 0.9, 0.7 and 0.4, respectively. The operation in the OPA regime is fully confirmed by the evolution of voxel size and shape observed experimentally. Indeed, in the case of TPA, the creation of bone-like voxel shape requires very high excitation intensity and could not be easily realized due to the TPA intensity threshold. In the case of LOPA, all these voxels shapes were obtained by simply adjusting the exposure time while the laser power is kept at a low value. Smaller voxels as shown in Figure 6 (c) require shorter exposure times. Certainly, the exposure time required to create sub-micrometer structures varies as a function of the laser power.
Pillar arrays were also fabricated by scanning the focusing spot of the laser along the thickness of a 1 μm SU8 film with different writing speeds. Figure 7 shows the pillar size as a function of writing velocity for three values of laser power, P = 7.5, 6, and 4.5 mW. The fabrication of smaller pillars down to 190 nm is possible [17] . The size of individual pillars is quite small when considering the wavelength (532 nm) used for the writing process. As for the linear dependence with intensity (OPA vs. TPA) [20, 21] , the diameter-dose relationship agreement confirms this behavior, as the intensity I 0 is used for the fit, instead of I 0 2 in the case of TPA. This result confirms the fabrication of sub-microstructures by LOPA-based DLW method. One-Photon Absorption-Based Direct Laser Writing of Three-Dimensional Photonic Crystals http://dx.doi.org/10.5772/intechopen.71318
LOPA-based DLW for 3D microstructure fabrication
In order to demonstrate 3D fabrication, 3D arbitrary photonic crystals (PCs) have been realized. In the fabrication process, the dose was adjusted by changing the velocity of the PZT movement while the input power is fixed. The doses were varied from structure to structure depending on the size and separation (periodicity of PC). In the first experiment, a series of different size 3D woodpile PC structure on glass substrate was fabricated. It is noted that, SU-8 exhibits a strong shrinkage effect, which results in the distortion of the fabricated structure. After a number of experiments, acceptable parameters for woodpile, which are an input power of 2.5 mW and a velocity of 1.4 μm/s, were found. Applying these parameters, 3D diamond lattice-like-based PC structures such as woodpile, twisted chiral and circular spiral can be realized.
Figure 8(a-f)
shows SEM images of 3D woodpile, spiral and chiral PCs fabricated with these optimum fabrication parameters. The woodpile structure (Figure 8(a and b) ) consists Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic crystal showed evidently the advantage of LOPA idea in combining with regular DLW. With a few milliwatts of a CW laser and in a moderate time, any kind of sub-micrometer structure with or without designed defect could be fabricated. However, some fabricated structures are not uniform or distorted. The physical causes of the distortion can be attributed to two main effects: dose accumulation effect [22] and shrinkage effects [23] . In the next section, some techniques to overcome those effects will be experimentally demonstrated. 
Optimization of LOPA-based DLW technique
Dose accumulation effect
As a consequence of linear behavior of absorption mechanism, the dose accumulation effect is the inherent nature of linear absorption material [24, 25] . In contrast to a conventional TPA method, a photoresist operated in OPA regime does not have any threshold of polymerization [26] , hence the voxel size can be controlled by adjusting the exposure dose. In principle, polymerization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel (smaller than the diffraction limit) [27] . However, when two voxels are built side-by-side with a distance of about several hundred nanometers, two resulting voxels are no longer separated [17] . This issue evidently originates from the dose accumulation effect in OPA process.
Similar to OPA microscopy where the microscopy image cannot resolve two small objects which localize at about several hundred nanometers from each other, the fabricated voxels in DLW also cannot be separated. Abbe's criterion states that, the minimum resolving distance of two objects is defined as 0.61λ/NA, where λ is the wavelength of incident light. This diffraction barrier thus imposes the minimum distance between different voxels, created by different exposures. Moreover, when multiple exposures are applied, although isolated voxel fabrication is ideally confined to the focal volumetric spot, the superposition of many outof-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This results in the larger effective voxel size, even with a distance far from the diffraction limit. Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency depending on the linear absorption cross-section of the irradiated material. The absorbed energy is gradually accumulated as a function of exposure time. Figure 9 shows the theoretical calculations and experimental results of the dependence of the voxels size on distance. When two voxels are separated by a distance shorter that 1 μm, a clear accumulation effect is observed, resulting in a voxel of larger size. When the separation changes from 2 to 0.5 μm, the FWHM of each voxel is increased from 190 to 300 nm. Moreover, for a short separation, the voxels array is not uniform from the center to the edge part, as can be seen in case of a separation of 0.5 μm. In the parts below, two strategies to get rid of this accumulation effect are discussed.
Dose compensation strategy
According to the structures fabricated by LOPA DLW and the theoretical calculation, the dose accumulation effect should be compensated in order to get superior structure uniformity. The compensation technique idea is based on a balance of the exposure doses over the structure.
In other words, a certain amount of the exposure dose should be reduced at the region (or a part or a division) where the dose accumulation effect strongly occurs and should be added to the region where the dose is lacking.
As demonstrated above, the accumulation effect depends on the separation distance, s. 2D micropillars array was fabricated by scanning the focusing spot along the z-axis to demonstrate
Theoretical Foundations and Application of Photonic Crystalsthe accumulation effect and the dose compensation technique. The variation of the pillars size as a function of s distance, from 0.3 to 3 μm, has been systematically investigated [22] . According to the pillars size variation, from the center to the edge of the structure, the size difference could be compensated by gradually increasing the exposure doses for outer pillars. The intensity distribution of a pillar array and the dose compensation strategy are shown in shown in Figure 10(c-f) . With high dose compensation amplitude, the size of outer pillars becomes even larger than those in the center. By using an appropriate dose compensation ratio, perfectly uniform 2D micropillars array is obtained, as shown in Figure 10(c) . The structure period is only 400 nm, the height of pillars is about 700 nm, and pillar's diameter is about 160 nm. Structures with periods of several hundred nanometers are very suitable for photonic applications in visible range. 
Local PEB for small and uniform microstructures
The dose compensation technique are presented above and proved to be able to compensate the size difference in the structures. Nonetheless, this technique requires numerous calculation and tests in order to find out the appropriate dose compensation parameters. For example, for the fabrication of other 2D structures with a sub-micrometer period containing an arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be controlled for individual voxel (or pillar) as a function of its position in the structure and with respect to the defect. This requires many attempts to find out the optimized parameters since the dose compensation is different for different structures.
In this part, the thermal effect induced by a CW green laser in the LOPA-based DLW technique has been investigated, which plays a role as a heat assistant for completing the crosslinking process of the photopolymerization of SU8 [28] . The fabrication of sub-microstructures using LOPA DLW with a laser induced thermal effect, also called local PEB, was demonstrated, and it was also shown to alter the traditional PEB on a hot plate and help overcome the accumulation effect existing in standard LOPA DLW.
For the demonstration of local PEB, two sets of 2D structures were fabricated, each set contains pillar arrays written at different doses (by varying the laser power and the writing speed). One set was realized following the traditional process, i.e., after exposure, the sample was post-baked for 1 min at 65°C and then 3 min at 95°C using hot plate. For the other set, the PEB step was skipped, which means that the exposure process was followed directly by the Theoretical Foundations and Application of Photonic Crystalsdevelopment process. It has been observed that for the same dose, the pillars fabricated without PEB are smaller than those fabricated with PEB [28] . Due to the fact that the structures are not formed at low power (low light intensity), it is assumed that the applied laser power or intensity must be above a threshold in order to induce enough heat for the crosslinking process, and this threshold should be higher than that of standard LOPA (with PEB) for a complete photopolymerization. Figure 11(a) shows the accumulation effect observed in the structures fabricated using traditional PEB process at different doses. The distance between two pillars is 500 nm, which is considered as a sufficiently short separation to induce noticeable accumulation effect. It can be observed that the pillar size decreases from the center to the edge, with a variation of 10-20%, resulting in non-uniform structures. Figure 11(b) shows the SEM images of structures obtained using local PEB. In this case, in order to induce sufficiently high temperature, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In contrast to the structures fabricated using traditional PEB, which shows accumulation effect (Figure 11(a) on the top), the structures obtained with local PEB show nearly perfect uniformity (Figure 11(b) on the top). Moreover, as compared to the dose compensation method, the LOPA-based DLW using local PEB does not require testing, since the dose applied is constant for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped, which is a great advantage in terms of fabrication time. Furthermore, comparing to structures realized by TPA-based DLW, the period of these fabricated structures is much shorter (only 500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an additional advantage of this LOPA technique.
The heat equation [29] was also solved using finite element model realized by Matlab to demonstrate that the heat induced by high excitation intensity of a 532 nm CW laser confines the crosslinking reaction in the local region where the temperature is higher than the PEB temperature. This resulted in fine and uniform structures, since only the material within the effective temperature region was properly polymerized. Temperature-depth dependence calculation shows that this technique allows the fabrication of uniform 3D sub-micro structures with large thickness. This is then evident by an experimental demonstration of fabrication of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm [28] . Compared to the commonly used TPA method, LOPA-based DLW with local PEB shows numerous advantages such as simple, low-cost setup and simplified fabrication process, while producing same high-quality structures.
Shrinkage effect
Shrinkage is a fundamental issue for photopolymerization in the photopolymer. It is difficult to avoid the non-uniformity when the conventional polymerized microstructures are attached to substrates. The origin of this effect for TPA polymerization has been investigated [30] . It was suggested that the origin of the shrinkage is the collapse of this material during the development stage owing to the polymer not being fully cross-linked when they are made at the irradiation power close to the photopolymerization threshold. At fabrication intensities slightly above the photopolymerization threshold, the photopolymerization yield is not 
Theoretical Foundations and Application of Photonic Crystals 150
100%, resulting in a sponge-like material after the development process. Hence, the structural shrinkage observed at average laser powers is the result of the collapse of this material at a molecular level [30] . However, it has also been confirmed that, although the sponge-like materials are formed during the development because of the non-full polymerization at low laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change of surface tension during the drying process [31] .
For LOPA 3D fabrication, this shrinkage effect is also observed, with different levels of distortion for different exposure doses, i.e., the lower the exposure dose is the higher the shrinkage is. (Figure 12a-d) shows the shrinkage effect observed in 3D woodpile structures fabricated at different doses (P = 9 mW, writing speed v = 4, 3, 2, and 1 μm/s, from left to right, respectively). It can be clearly seen that the degree of shrinkage at different exposure doses is different, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage decreases. This result is also in agreement with previous report on the shrinkage in the case of TPA polymerization [30] , which suggests that in both cases, the shrinkage effect might have a similar origin.
Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, resulting in the degradation of its optical quality. While shrinkage is an intrinsic problem, which cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several approaches have been reported on how to overcome this non-uniform shrinkage, including pre-compensation for deformation [32] , single [33] and multi-anchor supporting method [30, 34] , or freestanding microstructures trapped in cages [35] . All the above methods are investigated for the TPA case. In this work, the multi-anchor supporting method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass substrate, four "legs" at four corners of structures were created in order to avoid the attachment of the structures to the glass substrate, which is the direct cause of the non-uniform shrinkage. These anchors were designed and fabricated as rods of several hundred nanometers and did not affect the main structure. (Figure 12e-h ) shows woodpile structures with anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrinkage still remains as shown in Figure 12(e) . However, when the dose is increased by a small amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a writing speed of 3 μm/s were sufficient for a considerable uniform structure. Compared to the non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly deformation-free PC, which is remarkable especially for the fabrication of large structures. The shrinkage effect can also be exploited to produce PCs with small lattice constant.
To conclude, the multi-anchor supporting method was successfully applied to reduce the non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since the support with four anchors allows uniform shrinkage of a polymeric microstructure by releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combination of LOPA with local PEB and this supporting method is a promising way of producing small lattice constant photonic structures, which possess a photonic bandgap in the visible range.
Realization of magneto-photonic microstructures by LOPA-based DLW
LOPA-based DLW has been demonstrated to be not only applicable for SU8 but also other materials [36, 37] , and be capable of fabricating structures incorporated with nanoparticles (NPs), such as plasmonic [38] or magnetic NPs [39] . In this section, as a proof of the versatility of LOPA DLW, the fabrication of 2D and 3D sub-microstructures from nanocomposite consisting of magnetite (Fe 3 O 4 ) NPs and a commercial SU8 photoresist by employing LOPA DLW technique is presented [39] . The nanocomposite was synthesized by incorporating magnetic nanoparticles (MNPs) into SU8 matrix. Due to the magnetic force (mainly inter-particle interactions), MNPs tend to form large agglomerations, causing difficulties in achieving a homogeneous distribution of MNPs in polymer matrix. Hence, different concentrations of Fe 3 O 4 MNPs and various types of SU8 with different viscosities have been investigated to obtain the best dispersion of MNPs in the polymer environment. Finally, the best compromise was achieved between SU8 2005, with moderate viscosity, and a MNP concentration of 2 wt%, which is low enough to achieve a homogeneous nanocomposite and high enough to give strong response to external magnetic field.
Arbitrary magnetic structures from magneto-polymer nanocomposite have been realized using LOPA DLW. Figure 13(a) shows an SEM image of an arbitrary 2D structure, the letter "LPQM," fabricated at the power of 15 mW with a writing speed of 3 μm/s. For this fabrication, a point matrix technique was used to shape the letter. The distance between pillars was set at 150 nm, which resulted in a continuous line due to the accumulation of exposure energy at the vicinity of each point. An SEM image of a 2D pillar array magneto-photonic structure, with a period of 1.5 μm is shown in Figure 13(b) . This structure was fabricated at a laser power of 12 mW and a writing speed of 2 μm/s. Similarly, various 3D structures have also been realized, with a laser power of about 12 mW. Figure 13(c) shows an SEM image of a woodpile structure, which consists of 10 alternating layers separated from each other by 1 μm. The rod spacing in x-and y-directions is 2 μm. These experimental results confirm that the LOPA-based DLW allows the fabrication of any magneto-photonic sub-micrometer structure or device on this magneto-polymer nanocomposite, which is very promising for a wide range of applications using magnetic microdevices and micro-robotic tools.
Indeed, magneto-photonic structures for remote actuation have attracted a great deal of attention recently [40] . With the aid of an external magnetic field, the displacement in three dimensions of magnetic structures can be controlled as desired. As shown previously, small magneto-photonic structures, which are adaptable to small targets, have been created. In order to prove the response of magnetic structures to a magnetic field, arrays of micro-pillars were fabricated as an example for demonstration [39] . To release the structures from the substrate, before coating the nanocomposite layer, an extra sacrificial layer of PMMA, which can be dissolved with acetone to release the structures into solution, was added. A magnetic field (only 8 mT) generated by a permanent magnet was then applied to examine the magnetic field response of the magnetic micro-swimmers. The whole process from structural development to the movement toward higher gradient of the external magnetic field was observed via optical microscope, in which all of the micro-pillars quickly moved toward the magnetic tip, confirming the presence of Fe 3 O 4 MNPs inside the structures and their strong response to the applied magnetic field. The magnetic structures responded strongly to the external magnetic field, opening many promising applications, such as tunable photonic structures based on magneto-optical effect and development of microrobotic tools for transport in biological systems.
Conclusions and prospects
In this chapter, a new technique based on an already-well-known mechanism, one-photon absorption (OPA) direct laser writing (DLW), for fabrication of low-cost, high-quality 3D PCs was introduced. This technique was demonstrated through both theory and experiment on the ultra-low absorption regime (LOPA) of photosensitive material. It was pointed out that DLW based on LOPA microscopy enables 3D fabrication in any kind of photoresist material with flexible defect engineering.
Some additional methods, such as dose compensation and local PEB, have been also proposed and applied to optimize the structures fabricated by LOPA DLW. In particular, by using the optically induced thermal effect, the fabrication of accumulation-free sub-micrometer and uniform polymeric 2D and 3D structures was realized. Also, the multi-anchor supporting method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D polymeric microstructures.
As a proof of the versatility of the LOPA-based DLW technique, the capability to fabricate magneto-photonic microstructures using a SU8/Fe 3 O 4 nanocomposite has been demonstrated. The fabricated micro-swimmers showed strong response to an applied external magnetic field, which emphasizes the importance of free-floating structures as a robotic technology for magnetic devices such as sensors, actuators, magnetic labeling, and drug targeting. 3D magneto-photonic structures have also been successfully fabricated, potentially aiding the development of magnetic nanodevices and micro-robotic tools for a wide range of applications. 
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